ABSTRACT: Amphibian populations are declining worldwide, but for many taxa, robust estimates of demographic parameters to assess population state or trends are scarce or absent. We provide robust estimates of adult apparent survival of the endemic Mallorcan midwife toad Alytes muletensis using individual capture-recapture data collected over 4 yr in a 60 m 2 cistern. Moreover, we combined the vital rates into a stage-structured population model to estimate the ex pected longterm growth rate of the population. Apparent survival estimates of males and females were similar (0.737 ± 0.042 and 0.726 ± 0.045, respectively) indicating that the egg-carrying behavior of males, typical of this species, does not reduce its survival probability. We found evidence of a low local survival of juveniles compared with adults, most likely due to permanent dispersal. Adult population size estimation provided higher tadpole:adult ratios than previously reported for this endangered species, suggesting an overestimation of the previous adult population size. Model projections suggested a stable population, since λ, the expected asymptotic growth rate of the population, was close to 1.00.
INTRODUCTION
Approximately 32% of extant amphibian species are currently threatened, and 21% of these are on the brink of extinction (Stuart et al. 2008) . A review of population trends in more than 900 amphibian populations of 157 species has revealed that amphibian declines are a worldwide phenomenon (Houlahan et al. 2000) . Despite this high and ubiquitous extinction risk, there is a lack of demographic data on most species of concern. More than one-quarter of all amphibian species worldwide are in the Data Deficient category (Nori & Loyola 2015) , with insufficient information to enable an appropriate assessment of a species' risk of extinction. Therefore, there is an urgent need to obtain ecological parameters, such as population size, population growth rate and adult survival probability, to enable an informed assessment of the current population state and to provide information for management actions (SalgueroGómez et al. 2016) . Robust estimates of demographic parameters in natural populations can be obtained by capture, mark and recapture techniques (Burnham et al. 1987 , Williams et al. 2002 . However, these techniques are still scarcely considered in herpetological studies (Schmidt et al. 2002) . Capture, mark and recapture techniques were only employed in 5% of the datasets reviewed in Houlahan et al. (2000) (Schmidt et al. 2002) .
The Mallorcan midwife toad Alytes muletensis is an endemic and threatened species from the Balearic Islands (Spain). The introduction of alien invasive species, such as Natrix maura and Batrachochytrium dendrobatidis, and the small number of populations led the species to the brink of extinction. Fortunately, conservation actions have mainly focused on protecting the remaining natural localities and re-introducing captive-reared animals in historical and new sites (Tonge & Bloxman 1989 , Román & Mayol 1997 . Previous assessments of the species' status only evaluated variables such as the occupancy area, the number of populations and the global tadpole population trend (Mayol et al. 2009 ). These assessments did not provide information on the breeding status of the population, a key issue for conservation management policies. Here we use capture, mark and re capture techniques to estimate apparent survival (hereafter, survival) and adult population size in a population without any known threats for the species. We incorporated these estimates together with fecundity measures into a matrix population model to estimate the expected long-term population growth rate (Caswell 2001) . Thus, our objectives were (1) to estimate the population size from adult capture, mark and recapture data to compare with estimates based on the number of tadpoles observed, (2) to obtain a robust estimate of adult survival probabilities from individual encounter history data, (3) to provide a first population model for the species combining fertility measures, tadpole counts and survival probabilities and (4) to identify which component of the lifecycle is contributing the most to population growth.
MATERIALS AND METHODS

Study site and data collection
Data were collected from a population of toads living in a 19th century cistern of 60 m 2 , originally built to retain water for human and livestock consumption. The population was created during 1994−1996 from captive breeding individuals from population 8B (Escorca), by releasing 227 adults and 207 tadpoles, under the recovery plan for the species (Pinya 2009 ). The water level is not managed and depends on natural local rainfall. This population is particularly relevant because it lacks any known threats for the species, and is considered the population with the optimal body condition for the species (Pinya 2014) . It constitutes close to 4% of the total number of tadpoles for this species. It is a well-established population, and larval counts, following the method proposed by Oliver et al. (2014) , showed a general increase in the number of tadpoles from 1995 to 2011 (Fig. 1) .
To obtain capture-recapture data, from 2008 to 2011, the population was visited by 1 researcher for 3−4 nights per year between mid-July and early September to search for adults and metamorphosed juveniles. Toads were captured by hand inside crevices and/or holes and individually identified by their unique pattern of skin spots by photo-identification techniques. Captured toads were sexed and classified into adult and juveniles using morphometric characteristics (Pinya & Pérez-Mellado 2009) . For data analysis, individually recognized toads were arranged into 3 groups according to their sex-age at first capture, namely adult males, adult females and juveniles, i.e. individuals of unknown sex that had just completed metamorphosis.
Adult survival
Adult observations were coded into individual encounter histories, where '1' indicated a capture and '0' indicated a recapture failure at each recapture occasion. Then, annual survival probability, S i , between sessions i and i +1, and population size at i, N i , were estimated by maximum likelihood procedure from incomplete encounter histories using Pollock's model (Pollock et al. 1990 , Lebreton et al. 1992 ). Pollock's model estimates detection probability using the information collected during the short periods of time between the capture-mark-capture occasions within each year (named 'secondary occasions'), during which the population is assumed to be closed, i.e. animals do not leave or enter into the population. Annual survival is then estimated by pooling the observations collected during secondary occasions Tavecchia et al. 2008) using the software U-CARE (Choquet et al. 2002) . After assessing the goodness of fit of a general sexand time-dependent model on primary occasions only, we simplified the model structure by first assuming the same probability of capture for already and newly marked toads on secondary occasions. Following White & Burnham (1999) , we then identified a set of models according to the biological hypo theses of interest by modeling temporal movement, survival and capture probabilities as shown in Table 1 . The difference between the models depends on the structure of the temporal movement probabilities (whether they are assumed to be constant, or time-or sexde pendent), on the survival probability (whether it is assumed to be time-or sex-dependent) and the recapture probability (whether it is assumed to be timeor sex-dependent). All models were built and fit to the data using software MARK version 8.0 (White & Burnham 1999) . Model selection followed the corrected Akaike's information criterion (AIC c ) value and the model with the lowest value was considered as the best compromise between model de viance and model complexity (Burnham & Anderson 2002) . The number of adults and the estimates used in the Lefkovitch model (see 'Lifecycle of midwife toads and average male fitness') were derived by averaging methods (Burnham & Anderson 2002) .
Number of tadpoles, fertility and juvenile survival
During the month of July, when the number of tadpoles is at its peak, we did an exhaustive count of tadpoles in the water mass. We used the standardized methods from the species' recovery plan to monitor the tadpole population (Oliver et al. 2014 ). This method consisted of counting all visible tadpoles inside the water mass with the help of an underwater torch. Most of these tadpoles conclude their metamorphosis by the end of the summer, but those from late clutches remain in the tadpole stage until the following spring. In 2011, we repeated the tadpole counts in January to estimate the number of tadpoles that re mained in this state over their first winter. This information was used to calculate the proportion of tadpoles that completed metamorphosis before the winter. Individual fertility and juvenile survival in amphibians are challenging measures to obtain in natural populations. This is particularly evident in midwife toads, where clutches are carried by males. The number of clutches observed depends on the probability of capturing a breeding male, i.e. the clutches carried by males that escaped capture are unknown. We counted the number of eggs of all clutches ob served on males. The average number of fertile eggs, i.e. those eggs which contained developing tadpoles, was then calculated by dividing the total of number of fertile eggs by the total number of eggs in each clutch. Males can carry 1 to 3 clutches at the same time and when the number of eggs carried is more than 14, it is assumed that they came from more than one clutch (Bush 1993 , Pinya & Pérez-Mellado 2014 . We relied on an equally simple estimate for the survival of tadpoles and juveniles, denoted S T and S J , respectively. These quantities are proportions that were estimated by dividing the number of animals observed in a given state by the number ob served in the successive one, similar to the approach used for life tables. Because we have assumed each individual to be independent, the variance of the proportion, θ, can be calculated as (1 − θ) θ/k, where k is the sample size.
Lifecycle of midwife toads and average male fitness
The lifecycle of Mallorcan midwife toads can be simplified into 3 main stages: tadpole, juvenile and adult. The breeding season lasts approximately 6 mo, with the first clutches laid at the beginning of March and the last clutches as late as August (Román & Mayol 1997) ; at some localities, the breeding season even lasts until autumn. Animals born early begin metamorphosis in July. For these individuals, the transition to the juvenile stage typically takes place during the first summer. However, tadpoles from late clutches become juvenile the next summer, spending winter in the tadpole stage. The juvenile stage lasts approximately 1 yr in males and 2 yr in most females (Pinya & Pérez-Mellado 2013) . Thus, individuals from early clutches are sexually mature at 1 yr, while adults from late clutches will mature a year later. Free-living females typically produce 2 clutches per year (Alcover et al. 1984) , with an average of 12 eggs (Pinya & Pérez-Mellado 2014) . Males can carry a maximum of 3 clutches at once. We assumed that males fertilized only the eggs that they carry and combined the stage-dependent survival and fecundity values into a Lefkovitch matrix model, M (Caswell 2000) . The matrix M contains the parameters that describe the transitions between the stages from time t to t + 1 as:
where Z is the probability of becoming a juvenile during the first summer, S M is the annual survival for males, S J is the annual survival of juvenile toads, S T is the annual survival of a tadpole, F is the number of fertile eggs per breeding males divided by 2 (assuming a 1:1 sex ratio) and S T* is the annual survival probability of a tadpole that became a juvenile in the first summer. This last parameter is the combined probability of surviving 4 mo as a tadpole, i.e. . We assumed an even sex ratio and 3 clutches per breeding male and per season. The greatest eigenvalue of M, noted λ, is the expected asymptotic growth rate of the population. It can also be viewed as the average individual fitness within the population (see Roff 1992 , Caswell 2000 , van Tienderen 2000 . To account for parameter uncertainty, for each parameter in the matrix, we randomly selected a value from a distribution with the estimated mean and variance (Table 2) . We replicated this procedure 1000 times to estimate λ and its standard error. Finally, we used the average values of the parameters to calculate the elasticity of each matrix entry, that is, to find the proportional contribution of a given parameter to λ. The model with time-and sex-dependent parameters (Model 1) did not adequately explain our data (χ 2 7 = 4.91, p = 0.67). We reduced the number of parameters describing temporal movements, but the AICc values indicated that data were not consistent with temporal movements into and out of the study area (Model 6; Table 1 ). Similarly, we found no evidence of a sex-dependent probability of recapture (Models 6, 10 and 13; Table 1 ) but we did retain a variation of it over time (Model 14; Table 1 ). Finally, Model 13 suggested a slightly higher survival for males than for females, but this difference was not retained (Model 15; Table 1 ). The model with the lowest AICc value was Model 15, consisting of a fixed temporal movement probability, no time-or sex-dependent survival probabilities and no timedependent recapture probabilities. The model indicated an annual local survival of 0.728 (95% confidence limits: 0.627− 0.809), which suggested a lifetime expectancy of about 3 yr after adulthood. Average (± SD) survival estimates showed similar values for males and females, which were 0.737 ± 0.042 and 0.726 ± 0.045, respectively. Average estimates of derived parameters indicated that the adult population size increased in the first year from 102 toads (49 ± 5 males and 53 ± 16 females) to 127 (54 ± 10 males and 73 ± 19 females), but de creased to 85 in 2011 (56 ± 12 males and 29 ± 11 females). The geometric mean of the 3 population growth rates was 0.934. The ob served dynamics were due mainly to the fluctuations in female numbers (Fig. 2) . The decrease in female numbers was not mirrored by a similar trend in the survival probability (Models 11 and 12; Table 1 ). The yearly estimates of total adult population sizes were about 3 times the observed number of adult toads each year. Indeed, the average probability of recapture per occasion was 0.112 ± 0.007, which indicated an average p-value of 1 − (1 − 0.11 15/4 ) = 0.36 per session. Tadpole:adult ratios showed values of 11.92 ± 3.61 tadpoles per adult.
RESULTS
Adult survival and population size
Midwife toad lifecycle, fertility and juvenile survival
We counted an average of 1213.75 ± 199.28 tadpoles in the pond each summer (2008 = 1137, 2009 = 971, 2010 = 1333 and 2011 = 1414) . Out of the 1333 tadpoles found in summer 2010, 401 (30%) were still present in January 2011. During the study period, we found 5 males carrying eggs. In this population, the average number of fertile eggs carried by a male was 15 ± 5.29. From 2009 to 2011, we observed an average of 4.3 juveniles per summer. Assuming that a juvenile had the same detection probability as an adult toad (0.36), we estimate that 12 juveniles were present in the pond each summer (4.3/0.36). This leads to an average value for the local survival of tadpoles of 0.01 (=12/1213.75; Table 1 ). Similarly, the survival of juvenile toads was 0.18, calculated as the number of juveniles that were seen to reach adulthood during our study period (2 out of 11).
Midwife toad lifecycle and average male fitness
The deterministic Lefkovitch model containing the average values of stage-dependent survival and fertility (Fig. 3) suggested an asymptotic growth rate of 1.005. The value from the stochastic matrices was similar (0.99) with a 95% CI of 0.818− 1.179. Elasticity measures indicated that the population growth rate was influenced mainly by adult survival, with an elasticity value of 0.79 (Fig. 4) . The next most influential parameters were fertility and the probability of leaving the tadpole state in the first summer, with elasticity values of 0.21 and 0.20, respectively. The elasticity of juvenile survival was 0.084. A pop ulation in which all animals complete the metamorphosis before the summer (Z = 1) would result in 31% higher population growth. Table 1 . Bars indicate 95% CI from the unconditional standard error (only upper and lower intervals are plotted for females and males, respectively)
DISCUSSION
Even though we expect a low survival rate of the endangered Alytes muletensis, in this study, the annual survival of the Mallorcan midwife toad was similar to the survival estimated for other common anuran species (Wells 2007 and references therein), such as the survival of the pool frog Rana lessonae (survival ranging from 0.72 to 0.84, Holenweg Peter, 2001 ) and the survival estimated for the common toad Bufo bufo (0.77, Heusser 1968) . In anuran species, Monnet & Cherry (2002) found that the sexual dimorphism in body size indicated different survival rates in males and females. A difference between male and female survival was found in species of the genus Desmognathus (Tilley 1980) , in the Columbian spotted frog Rana lut ei ven tris (Turner 1960) and the common frog Rana temporaria (Gibbons & McCarthy 1984) . However, our results based on local survival indicated that the average lifespan was similar for both sexes, confirming previous re sults from Pinya & Pérez-Mellado (2013) . This suggests that the reproductive investment of adult males carrying clutches does not result in lower probabilities of local survival than survival probabilities of females. We found evidence for low juvenile local survival compared with adult values. This difference could be due to permanent dispersal, as capture, mark and recapture models do not distinguish permanent movements from mortality. Juvenile survival was estimated by correcting the observations by the same probability of detection as adults (0.36). Data were too sparse to apply capture-recapture models to animals of this age class because only 2 toads marked as juveniles have been seen in subsequent years (primary occasions). However, 6 out of 13 were recaptured the same year of marking, i.e during secondary occasions, which would suggest a detection probability of 0.46 (6/13), supporting the as sumption of a similar detection probability as for adults. A change in juvenile detection probability will be reflected directly in the estimate of their survival and, in turn, in the population growth rate of the population. For example, a detection probability of 0.13 (half the probability of adults) would lead to a juvenile survival of 0.363 and an increase in population growth rate of 10%. We have no reason to think that juveniles had a lower detection probability as they used the same crevice or resting areas as adults, and toads were caught independently of their age. Even so, juvenile survival would still be much lower than adult survival. This could be due to permanent dispersal, as capture, mark and re capture models do not distinguish permanent movements from mortality.
The stage-dependent matrix describing the male midwife toad lifecycle suggested a constant population (λ ≈ 1.00). This result must be treated with caution because the model is an extreme simplification of the midwife toad lifecycle. For example, a continuous rather than a discrete model would probably have been more appropriate. However, available data were not sufficiently frequent to apply continuous models of survival and fertility. Also, juvenile and tadpole survivals were recapture-conditioned estimates and were probably underestimated (Schmidt 2003) . Nevertheless, the elasticity values of each parameter are likely to be less biased because they were calculated as proportional changes (Caswell 2001) . The parameter with the highest elasticity was adult survival, suggesting that a small increase in adult mortality would have a large effect on the population growth rate. This result explains the rapid extinction of several midwife toad populations due to the introduction of non-native predators. Interestingly, our model suggested an important role for the probability of undergoing an early metamorphosis. This is because toads which hatched early began to breed 1 yr earlier than those which hatched late. From a conservation point of view, this result suggests that environmental conditions have an important role as potential drivers of the optimal conditions for early metamorphosis. Al though this was not the parameter with the highest elasticity, selection for a fast cycle might play an important role in sexual-size dimorphism. For example, in birds of prey, which show female-biased sexual-size dimorphism, earlyhatched birds are mainly males. This skewed sexratio is thought to be adaptive as early-born males can breed after the first year of age (Griggio et al. 2002) . Nevertheless, given the cost of a late metamorphosis, it is striking that 30% of tadpoles are still juveniles after a year. A possible explanation is that the variability of environmental conditions maintains late-metamorphic tadpoles as insurance for reproductive success, as postulated for other taxa (Mock & Forbes 1995) . Studies of amphibians' lifecycle in temperate regions should investigate the link between winter temperatures and the probability of an early metamorphosis, as this might directly influence population dynamics. Population size estimation based on capture, mark and population techniques provided a 32% higher tadpole:adult ratio compared with the previously accepted ratios. For instance, Alcover et al. (1984) proposed a tadpole:adult ratio based on the assumption that females produce 9 eggs, twice a year, resulting in a tadpole:adult ratio of 9:1. Under this ratio, the adult population size was estimated as 1000−3000 adults (Gasc et al. 1997 , Arnold 2003 . Our results show an increase in the ratio, suggesting that an overestimation of the adult population may have occurred over the years. This first population model of A. muletensis developed here provides an important tool for comparative studies. A population with a similar fertility but a lower adult survival than the one found here is likely to go extinct. Current population monitoring based on tadpole counts is useful to show tendencies over time (Oliver et al. 2014 ) but it does not provide enough demographic information for decision-making. Besides, it does not seem to be sufficient to understand the spatiotemporal variations of populations. Thus, tadpole population monitoring should be complemented with adult monitoring. Furthermore, new studies should focus on other populations to estimate population size, to obtain more accurate tadpole: adult ratios, to assess survival probability patterns and to build up new and more complete lifecycles. Altogether, this would provide a more useful adultbased management tool.
